We previously generated a monoclonal alloantibody, CR-50, by immunizing reeler mutant mice with homogenates of normal embryonic brains. This antibody recently was shown to recognize a Reelin protein, which is coded by the recently identified candidate gene for the reeler mutation. However, it is still unclear whether Reelin, especially the CR-50 epitope region, is indeed responsible for the reeler phenotype in vivo. Here we show that Reelin is localized on Cajal-Retzius neurons in the hippocampus and that intraventricular injection of CR-50 at the embryonic stage disrupts the organized development of the hippocampus in vivo, converting it to a reeler pattern. Labeling experiments with 5-bromodeoxyuridine demonstrated that the labeled cells in the stratum pyramidale of the CR-50-treated mice were distributed in a pattern similar to that of reeler. Thus, Cajal-Retzius neurons play a crucial function in hippocampus development, and the CR-50 epitope on Reelin plays a central role in this function.
The reeler mutant mouse provides a good model to study the molecular mechanisms of neuronal positioning. In these mice, neurons are generated normally, but they align abnormally in various cortical structures (1) (2) (3) (4) (5) (6) (7) . We recently obtained alloantibodies by immunizing reeler mutants with homogenates of normal embryonic brains (8) . The monoclonal alloantibody CR-50 specifically recognizes Cajal-Retzius neurons (9-11), one of the first types of cortical neurons to differentiate in the neocortex of normal embryos but not those of reeler embryos. By using dissociation-reaggregation cultures of neocortical cells, we showed that CR-50 can transform the normal histotypic aggregate pattern to the reeler pattern. Thus, occlusion of the CR-50 epitope was thought to be related to the reeler pattern of neocortex organization, at least in vitro (8) . A cDNA of the candidate reeler gene recently was identified by insertional mutagenesis (12) or positional cloning (13, 14) and designated reelin (12) . The predicted Reelin protein resembles extracellular matrix proteins, and thus is likely to be responsible for the reeler phenotype. However, it is not yet known if the reelin clone can complement the reeler defect. Very recently, the CR-50 was shown to recognize an epitope in the N-terminal region of Reelin (15) . However, it is still unclear whether Reelin, and in particular the CR-50 epitope region, is indeed responsible for the reeler phenotype in vivo.
To address this question, we chose the hippocampus as a model. The events of hippocampal development have been described extensively (1, 2, (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . In the developing hippocampus, neurons migrate from the site of their origin near the ventricle to their final destination along a scaffold formed by radial fibers (27) , where they are aligned in an organized cell layer. The layer is formed in an ''inside-out'' progression, in which the later generated neurons are aligned more superficially than the earlier generated neurons (1, 2, 19, 22, 23, 26) . In the hippocampus of reeler, the pyramidal neurons are known to be less densely packed and, most prominently, the stratum pyramidale of the regio superior is interrupted by cell-poor rifts, resulting in irregular and fragmented cell laminae (3) (4) (5) (6) (7) . In addition, the stratum pyramidale is formed in an inverted ''outside-in'' fashion (1, 2).
Here we show that the CR-50 epitope also is localized on Cajal-Retzius neurons in the hippocampus and that intraventricular injection of CR-50 disrupts the organized development of the hippocampus, resulting in a pattern similar to that found in reeler. Thus, the CR-50 epitope on the Reelin molecule plays an essential role in hippocampal development and is responsible for the reeler phenotype in vivo.
MATERIALS AND METHODS
Mice. Homozygous reeler mice used in this study were bred from heterozygous B6C3Fe-a͞a-rl adults (The Jackson Laboratory) and maintained at the animal facilities of The Institute of Physical and Chemical Research (RIKEN), Ibaraki, Japan. ICR mice were obtained from CLEA Japan (Tokyo). The day at which a vaginal plug was detected was designated as embryonic day 0 (E0).
Immunohistochemistry. Pregnant wild-type B6C3Fe mice were sacrificed at day 17 of gestation by an overdose of ether. Embryos were placed on ice for anesthesia and perfused transcardially with 4% paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.4). Fetal brains were removed and postfixed in the same fixative for 12 hr at 4°C. After the brains were replaced gradually with 30% sucrose in PBS, they were embedded in OCT compound (Miles) and frozen on dry ice. Cryostat coronal sections (10 m) were mounted on glass slides. For immunostaining with CR-50, the sections were blocked with 5% normal goat serum in PBS containing 0.01% Triton X-100 (Sigma) and incubated with CR-50, followed by rhodamine-conjugated goat anti-mouse IgG (Organon Teknika-Cappel; 1:100). For double-labeling, rabbit polyclonal antibody against microtubule-associated protein 2 (MAP2) (1:1,000; kindly provided by M. Niinobe, Osaka University, Osaka, Japan) or rabbit anti-calretinin antibody (Chemicon; 1:500) was used with CR-50 and visualized with rhodamineconjugated goat anti-rabbit IgG (Cappel; 1:100) and fluores-cein isothiocyanate (FITC)-conjugated horse anti-mouse IgG (Vector Laboratories; 1:100).
5-Bromodeoxyuridine (BrdUrd) Labeling. Pregnant mice were injected intraperitoneally with BrdUrd (Sigma; 10 mg͞ml in PBS) at 70 g per gram of body weight. For immunostaining with anti-BrdUrd antibody, sections were treated with 5 M HCl and neutralized with 0.1 M sodium borate (pH 8.5). After the sections were blocked with 5% normal goat serum, they were incubated with mouse anti-BrdUrd (Becton Dickinson; 1:100) and then treated with FITC-conjugated horse anti-mouse IgG (Vector; 1:100). For double-staining, the sections were blocked, incubated with CR-50 and then biotinylated goat anti-mouse IgG (Vector; 1:200), followed by treatment with 5 M HCl. After neutralization with 0.1 M sodium borate, the sections were blocked again, incubated with sheep antiBrdUrd (Fitzgerald, Concord, MA; 1:50), and treated with rhodamine-conjugated donkey anti-sheep IgG (Chemicon; 1:1,000) and FITC-avidin D (Vector; 1:200).
Hippocampal Culture. The hippocampus was dissected from E17 embryos and digested in 0.25% trypsin. Cells were washed, seeded onto polyethylenimine (Sigma)-coated culture dishes at 2 ϫ 10 5 cells͞cm 2 , and grown at 37°C in a humidified atmosphere of 5% CO 2 in DMEM (Sigma) supplemented with 10% fetal calf serum.
Intraventricular Injection of Antibodies. Timed pregnant ICR mice were anesthetized with sodium pentobarbital (0.06 mg͞g). After cesarean section, the uterine horns were exposed, and the lateral and third ventricles of the embryos were identified under transillumination. Two to four microliters of CR-50 ascites fluid (8 mg of IgG per ml), purified CR-50 (50 mg͞ml in sterile saline), or Fab fragments of CR-50 (20 mg͞ml in sterile saline) were injected into the ventricles using a glass capillary. Injected embryos were placed back into the abdominal cavity for spontaneous delivery. The CR-50 ascites fluid was obtained from BALB͞c nude mice (CLEA Japan) injected with R3B9 hybridoma cell lines secreting CR-50. Purified CR-50 was prepared with protein G-Sepharose (Pharmacia) and concentrated with a Centriprep-30 (Amicon). Nonimmunized adult mouse IgG and mouse anti-fibronectin mAbs (Transduction Laboratories, Lexington, KY) were used as controls (50 mg͞ml in sterile saline).
RESULTS
Immunohistochemical Analysis with CR-50 on Hippocampus. To examine the role of the Reelin protein in hippocampal development, we first performed an immunohistochemical analysis with CR-50. In the developing hippocampus (Fig. 1A) , CR-50-positive cells were localized in the outer marginal zone (prospective stratum lacunosum-moleculare) of the hippocampus proper and in the dentate marginal zone (prospective molecular layer of the area dentata) ( Fig. 1 B and C) . The immunoreactivity decreased after birth and was barely detected at postnatal day 30 (P30) (data not shown), similar to the profile observed in the neocortex (8) . Sections from reeler mutants never showed positive reactivity with CR-50 (data not shown). The CR-50-positive cells reside near the marginal ends of radial fibers, which are labeled with anti-nestin antibody (31, 32) (data not shown). These CR-50-positive cells exhibited a large cytoplasm with thick processes and also were labeled with an antibody against MAP2 (Fig. 2 A-C) , which is a neuronspecific marker and is known to stain early generated neurons (33) (34) (35) . Injection of BrdUrd into pregnant dams revealed that these cells arose on E9.5 to E11 (Fig. 2D) , when most of the pyramidal neurons and granule neurons are not yet apparent (16) . These data strongly suggest that the CR-50-positive cells in the hippocampus are equivalent to the Cajal-Retzius neurons in the neocortex.
Relationship Between the Reelin-Positive Cells and the Calretinin-Positive Cells. The existence of Cajal-Retzius neurons in the hippocampus recently was proposed (36) (37) (38) . Because these cells were identified with an anti-calretinin antibody (37, 38), we double-stained sections with CR-50 and anti-calretinin. In the marginal zones of the hippocampus proper and the area dentata, there were some calretininpositive cells in the population stained with CR-50, but there were also CR-50-positive, calretinin-negative cells (Fig. 2  E-G) . Cultured cells from the hippocampus also revealed the existence of both calretinin-positive cells and calretininnegative cells among the CR-50-positive population (Fig. 2  H-J neurons, and to determine whether occlusion of the CR-50 epitope results in a reeler phenotype in vivo, we injected CR-50 into the lateral and third ventricles at the embryonic stage in utero. A single injection of antibody at the embryonic stage (E11 to E14) seldom resulted in structural changes in the hippocampus (data not shown). A series of two injections at the embryonic stage was performed subsequently (as shown in Table 1 ), and the embryos were allowed to develop until P0 to P1. Binding of CR-50 to its epitope in vivo was confirmed by immunostaining with FITC-conjugated secondary antibody alone (Fig. 3A) . The punctate staining pattern is similar to the pattern of in vitro CR-50 staining of living neocortex we observed previously (8) . Between 61% and 80% of the injected embryos exhibited cell-poor rifts in the stratum pyramidale of the regio superior of the hippocampus (Fig. 3 D-G; Table 1 ), resembling the hippocampus structure in reeler mutants (Fig.  3B) . In contrast, control mice injected with control mouse IgG (Fig. 3C) or monoclonal anti-fibronectin antibody had hippocampal development that was indistinguishable from normal mice (Table 1) . Labeling experiments with BrdUrd at E13, when the generation of the pyramidal neurons is in its early stage, showed that, in control IgG-injected mice, the labeled cells were mainly distributed in the inner half of the stratum pyramidale (81% [n ϭ 200]; Fig. 3K ), comparable to normal H, 20 m. ) so, stratum oriens; sp, stratum pyramidale; sr, stratum radiatum. 
Embryos were injected at various embryonic stages with CR-50 ascites fluid, purified CR-50, Fab fragments of CR-50, control mouse IgG, or mouse anti-fibronectin mAb, and fixed at P0-P1. Because definite estimation of the cell alignment was difficult, only those exhibiting cell-poor rifts in the regio superior were counted as positive in these experiments.
mice (83% [n ϭ 200]; Fig. 3I ). However, in CR-50-injected mice, there were many intensely labeled cells localized in the outer half of the stratum pyramidale at P1 (71% [n ϭ 200]; Fig.  3J ), which is similar to the pattern in the reeler mouse (73% [n ϭ 200]; Fig. 3H ). These results demonstrate that the CR-50 epitope region on Reelin is crucial for the organized cell alignment of pyramidal neurons and that occlusion of the CR-50 epitope can lead to development of the reeler phenotype of the hippocampus in vivo.
DISCUSSION
In the embryonic hippocampus, CR-50 labeled Cajal-Retziuslike cells in the marginal zone of hippocampus proper and area dentata. From their position, morphological characteristics, developmental profile, MAP2 staining, and the birth-dating experiments, we conclude that these cells are equivalent to the Cajal-Retzius neurons in the neocortex. Although the CajalRetzius-like cells in the hippocampal region were reported to be positive for calretinin (37, 38) , we found that some CR-50-positive cells are calretinin-negative. This discrepancy might be partially explained by the fact that the antibody recognition of calretinin depends on the calcium-binding status of the protein (39) . Another possibility is that these CR-50-positive, calretinin-negative cells might become calretinin-positive in later stages of development. Further study is required to resolve this question. The present study suggests that, although most of the Cajal-Retzius neurons are indeed calretininpositive, there might be another population that is negative for calretinin.
In the hippocampus, Reelin is essential for target-layer selection of afferent fibers, which recently was shown by incubating entorhinohippocampal cocultures with CR-50 (40) . The present study indicates that Reelin also regulates the laminar organization of hippocampus. When CR-50 was added to the hippocampal cultures of newborn mice, no abnormal change of the cytoarchitectonics was observed in the hippocampus proper after 12 days in vitro, although the entorhinohippocampal pathway was altered (40) . This and the present in vivo study indicate that the critical step of hippocampus cell layering takes place in embryonic stages. One possible mechanism could be through a direct interaction between Reelin and the pyramidal cells. At early stages of hippocampal development (E13-E14), a primitive plexiform layer is present (37) , which is composed of earliest generated marginal zone cells, including Cajal-Retzius and prospective subplate neurons. This layer is then split (E15) into a superficial marginal zone and a deep subplate by the insertion of later generated pyramidal neurons that form a hippocampal plate (Fig. 1 A) . Because the CR-50-positive region is always attached to the MAP2-positive structure of pyramidal neurons (Fig. 2C) , it is conceivable that the migrating neuroblasts might terminate migration and leave radial fibers when they encounter Reelin at the leading edge. This could explain why the hippocampal plate (future stratum pyramidale) is formed in an inside-out progression in a normal mouse. In reeler, because the migrating cells are not influenced by Reelin, they might not leave radial fibers properly and so the hippocampal plate might be formed in an outside-in progression. In addition, it is also conceivable that Reelin ''repels'' the subplate neurons from the CajalRetzius neurons and makes room for the later-generated pyramidal neurons, as previously suggested for neocortical formation (8, 15) . This hypothesis is supported by the reports that the first abnormal phenotype in reeler neocortex is the failure of the preplate to split (41) and that early generated cortical neurons in reeler are more adhesive than normal in vitro (42) . Because we failed to convert normal hippocampus to the reeler pattern by injecting CR-50 after the splitting of the primitive plexiform layer (E15; data not shown), the ''repulsion'' hypothesis also might apply in the hippocampus. Another possible mechanism is that the Cajal-Retzius neurons may affect migrating neuroblasts indirectly through the radial fibers, because CR-50-positive cells were found to reside near the marginal ends of the radial fibers, where Reelin is overlapped with the ends of the fibers (data not shown). The identification of the Reelin receptor and the cells that express it will solve this question and further our understanding of the molecular mechanisms of Reelin regulation in hippocampal development.
The cerebral cortex and the cerebellum also were examined briefly after the antibody injection. However, they apparently were not affected. One possible interpretation is that the injection site of the antibody (lateral and third ventricles) was too far from the Reelin-expressing regions [the marginal zone in the cerebral cortex (8) and the external granular layer or the nuclear transitory zone in the cerebellum (43) ] and the antibody could not reach its epitope in vivo.
Although the processes of neocortical and hippocampal development have been reported to differ in some aspects (27) (28) (29) (30) , the present study shows that Cajal-Retzius neurons have an essential function in organized cell alignment in the hippocampus and in the neocortex, and that the CR-50 epitope is the key domain for this function in vivo. Taken together with the recent demonstration that CR-50 recognizes Reelin protein (15) , this study indicates that the CR-50 epitope region on Reelin has a critical role for the in vivo actions of Reelin. Because the injected CR-50 labeled its epitope in the living hippocampus clearly (Fig. 3A) , it is likely that the Reelin protein would be secreted from Cajal-Retzius neurons to the extracellular space and interact with other molecules through the CR-50 epitope region. Another possibility is that a significant conformational change of Reelin might be induced by the binding of CR-50, which would interfere with its interaction with other molecules. Thus, while Reelin is a large protein composed of 3,461 amino acids, the CR-50 epitope region near its N terminus (15) might be a key with which to dissect the molecular mechanism of Reelin functions. Further precise mapping and analysis of the CR-50 epitope region will give us some important information to formulate a hypothesis on the mode of interaction between Reelin and other molecules.
